Abstract. Germ line mutations in the MLH1 and MSH2 genes account for the majority of hereditary nonpolyposis colorectal cancer (HNPCC) families. Here, we describe a family that does not meet the international criteria for HNPCC, of which a young woman harbors a missense mutation (D132H). This novel germ line mutation has not previously been reported. Of the mismatch repair (MMR) genes, MLH1 has been shown to play an important role in hematologic malignancies. The novel mutation was also revealed to be a somatic aberration occurring prior to the initiation of the blast phase in a chronic myelogenous leukemia (CML) patient. Among the possible MLH1 partners involved in signaling MMR or apoptosis is the proto-oncogene c-MYC, which is closely related to cellular proliferation. We further revealed a concomitant c-MYC dramatic amplification in the CML-MLH1-mutation carrier patient, also occurring at the pre-blast phase. Our data contribute further to characterizing the mutational spectrum of the MLH1 gene. Furthermore, given the role of c-MYC and its interaction with MLH1, taken together with the mutational status of both genes revealed at the pre-blast phase in the CML patient, a plausible increased genetic instability might be expected to take place, possibly contributing to blast triggering. Our results may provide additional insight into the complex interplay between the MMR system and other cellular pathways.
Introduction
Hereditary nonpolyposis colorectal cancer (HNPCC) is an autosomal-dominant disorder of cancer susceptibility with high penetrance (1, 2) , which is thought to represent the most common form of familial colorectal carcinoma and account for approximately 1-6% of all colorectal cancers (1) . The genetic basis of most HNPCC cases is a deficiency in DNA mismatch repair, leading to genomic instability in tumor cells. Thus far, the germ line mutations in 6 genes involved in DNA mismatch repair (MSH2, MLH1, PMS1, PMS2, MSH6 and MLH3) have been identified in HNPCC families (3) . The clinical phenotype of HNPCC is variable, and there is no distinctive clinical hallmark. Therefore, stringent diagnostic criteria, essentially based on personal and family cancer history, namely the Amsterdam criteria, have been adopted for the purpose of identifying HNPCC families. MLH1 and MSH2 are considered to be the two major genes responsible for HNPCC (4) , and approximately 40-50% of families meeting the Amsterdam criteria have detectable MLH1 and MSH2 mutations (1) . However, Amsterdam criteria can be too restrictive when applied to small kindreds abundant in Western countries (5) , and there are sometimes difficulties in eliciting a complete and accurate cancer family history. A significant number of germ line mutations in the mismatch repair (MMR) genes have been detected in kindreds not meeting the Amsterdam criteria (6) . Thus, identification of people predisposed to the disease would allow targeting of effective preventative measures, with the aim of reducing cancer-related mortality.
The mismatch repair gene MLH1, has been shown to play an important role in hematologic malignancies, and mutations in the gene were thought to be associated with the generation of constitutional genomic instability affecting, amongst others, downstream genes that are involved in rapidly proliferating cells such as possible leukemia-associated genes (7, 8) . Extensive methylation of MLH1 was also shown to be associated with the presence of a defective DNA mismatch repair pathway in acute myeloid leukemia, resulting in microsatellite instability (MSI) as in solid tumors (9 (10, 11) . The acute phase that follows is a more malignant one and terminates with the blast phase at which the majority of circulating myeloid cells become blast cells, usually proving fatal within 6-12 months (10, 11) .
Little is known about changes in the gene structure and expression that may accompany or even precede blastic transformation. The possibilities include, amongst other molecular events, genetic aberrations in proto-oncogenes involved in cellular proliferation. The proto-oncogene c-MYC is known to be closely related to cellular proliferation (12), and regulation of the cell cycle, differentiation and apoptosis (13) .
In the present study, we describe a small family that does not meet the international criteria for HNPCC of which 2 patients were first degree relatives from two successive generations that died from colorectal cancer (CRC), one with an early onset of the disease. A novel germ line mutation in the MMR gene, MLH1 was discovered in the daughter of the latter patient, a finding that will allow effective follow-up for a possible manifestation of HNPCC. This novel germ line mutation was also found harbored by a CML patient as a somatic gene aberration, occurring in the pre-blast phase. Furthermore, a concomitant c-MYC dramatic amplification was also revealed in the CML-MLH1-mutation carrier patient at the same latter clinical phase. Taking into consideration that the proto-oncogene c-MYC interacts with MLH1 possibly in signaling MMR (14) , and both genes were found to be mutated, a plausible increased genetic instability and elevated mutation rate might be expected to take place, a phenomenon that could contribute to blast triggering. Thus, our findings might provide additional insight into the MLH1-c-MYC relationship in tumorigenesis.
Materials and methods

DNA samples.
A family that does not meet the international criteria for HNPCC and a CML patient were analyzed for possible MSH2 and/or MLH1 germ line mutations. DNA for analysis was isolated from whole blood using the standard procedure (15) . Informed consent was obtained from each subject analyzed.
DNA sequencing. All exons and exon-intron junctions of the MSH2 and hMLH1 genes were amplified by PCR using Taq polymerase with 3' exonuclease activity, Ex Taq (Takara Co. Ltd., Tokyo, Japan). Primer sequences are the same as those previously reported (16) (17) (18) . DNA sequencing was performed at commercial facilities using dye-terminator chemistry and automated sequencers (ABI models 377 and 3700; Applied Biosystems). Chromatogram and text files were analyzed with Chromas (version 1.45, http:// technelysium.com.au/chromas.html) and GeneRunner (version 3.04, Hastings Software Inc.) software, respectively. Forward and reverse sequencing was carried out, and mutations found in one PCR product were additionally confirmed in two independently amplified PCR products. Southern blot analysis, DNA probe and hybridization. After digestion of DNA (5 μg) with EcoRI and HindIII restriction endonucleases, the DNA was fractioned by electrophoresis on 0.8% agarose gel, blotted and hybridized to the pM c-myc 54 probe (19) . The probe was end-labeled with gamma 32 P adenosine triphosphate and hybridization and autoradiography were carried out as described previously (20) .
Results
Mutation analysis.
As subject H4 died of CRC (Fig. 1) and a paraffin block sample could not be obtained, and other relatives of the young woman (subject H8) could not be approached to collect blood samples due to ethical reasons, we screened the DNA sample of the young woman for a possible germ line mutation in the MMR genes, MSH2 and MLH1. No MSH2 mutations were detected (data not shown). As seen in lane 2 of Fig. 2A , SSCP analysis with MLH1-exon 5 primers revealed unique variant bands. A unique variable band was also exhibited when employing a different set of gel conditions (Fig. 2B, lane 2) . Sequencing analysis of the former variant bands from both directions ( Fig. 2C and D) yielded a predicted missense mutation at codon 132 (D132H) due to a GAT to CAT transversion in exon 5, nucleotide 394 of the cDNA sequence. This alteration was not found when 100 normal unrelated individuals were analyzed (data not shown). Thus, the discovered gene aberration is a novel MLH1 mutation that has not been previously reported. Interestingly, the majority of exon 5 gene aberrations are known to be deletions contrary to the reported base substitution detected in subject H8.
Molecular studies of the CML patient.
Since the mismatch repair gene MLH1 has been shown to play an important role in hematologic malignancies, and mutations in MLH1 were thought to be associated with constitutional genomic instability, a characteristic feature of CML patients during transformation to the irreversible blast phase, we wanted to evaluate the possibility of an MLH1 mutation harbored by the CML patient that was in the chronic phase at the time. As seen in lane 4 of Fig. 2A , variant bands identical to those obtained in subject H8 were revealed. Sequencing analysis of the variant bands from both directions confirmed the presence of the novel mutation discovered previously in subject H8. These unique variant bands were absent in the blood sample taken six months earlier, indicating that a somatic mutation had taken place; thus, a germ line status was ruled out (Fig. 2A,  lane 3) . The observed lower intensity of the variant bands, as exhibited by the CML patient, is in accordance with the results obtained earlier and imply that the latter acquired somatic mutation is not carried by all blood cells.
Since the CML patient exhibited an MLH1 mutation and MLH1 has been shown to interact with the proto-oncogene c-MYC, we sought to evaluate the c-MYC genetic status in the latter subject. For this purpose, DNA from both samples was subjected to the restriction enzymes EcoRI and HindIII, analyzed with Southern blotting and probed with c-MYC. As seen in Fig. 3 , a notable dramatic amplification was observed (lanes 3 and 6). This amplification was absent when the first sample was studied (lanes 2 and 5) .
Thus, the CML patient was found to harbor the novel MLH1 mutation and exhibited a concomitant dramatic amplification of the possible MLH1-MMR signaling partner, c-MYC, with both mutational events occurring at the preblast phase. Taken together and given the role the protooncogene has in cell cycle regulation, these gene aberrations might result in an increased mutation rate. The CML patient subsequently entered the blast phase and died five months after the second blood sample was taken.
Discussion
To date, a significant number of germ line mutations in the MMR genes have been detected in kindreds with a clustering of CRC not meeting the Amsterdam criteria (6) . In this study, we describe a novel MLH1 germ line mutation carried by a young woman, subject H8, from a family meeting 3 of the 4 Amsterdam criteria. Segregation analysis and microsatellite instability assays may have been helpful in defining the exact pathogenic status of the mutation not previously reported, but the difficulty in obtaining biological material and blood samples of other relatives has precluded it. The novel aberration was not found in 100 unrelated individuals, and revealed to be a somatic mutation occurring at the pre-blast phase of a CML patient. Additionally, this missense mutation is situated at a highly conserved region (21) . Taken together, the latter MLH1 novel transversion might therefore have pathological consequences. Although no clinical recommendations can be made before human validation (22) , intensive followup is still warranted and thus recommended to subject H8. Interestingly, the detected MLH1 mutation is a single base substitution alteration, whereas the most frequently reported alterations in exon 5 are deletions.
Mutations in the MMR gene MLH1 were shown to play an important role in hematologic malignancies (7, 8) . The mutation rates in tumor cells with an MMR deficiency are 100-to 1000-fold compared to normal cells (23, 24) . An elevated mutation rate is characteristic of the transformation from chronic phase to blast phase in chronic myelogenous leukemia patients (25) . The detected novel MLH1 mutation harbored by the CML patient, occurring at the specific time of the pre-blast phase, was concomitant with the revealed dramatic amplification of the proto-oncogene c-MYC. Loss of MMR can lead to a loss of cell cycle arrest, apoptosis induced by DNA damage and inappropriate progression through the cell cycle (26, 27) . Similarly, deregulated c-MYC expression may result in DNA damage-induced apoptosis, a loss of cell cycle checkpoints and genetic instability (28) (29) (30) . Furthermore, the proto-oncogene c-MYC has been shown to interact with the MLH1 gene (14) and is possibly an MLH1 signaling partner in MMR pathways. Thus, taken together and given the mutational genetic status of the CML patient, the reported genetic aberrations could have a pathologic significance for the CML patient, and our results might provide insight into the MLH1-c-MYC relationship in hematologic malignancies.
